The "behavioral approach system" (BAS) (Gray, 1990) has been primarily associated with reward processing and positive affect. However, additional research has demonstrated that the BAS plays a role in aggressive behavior, heightened experience of anger, and increased attention to facial signals of aggression. Using functional magnetic resonance imaging, we show that variation in the BAS trait in healthy participants predicts activation in neural regions implicated in aggression when participants view facial signals of aggression in others. Increased BAS drive (appetitive motivation) was associated with increased amygdala activation and decreased ventral anterior cingulate and ventral striatal activation to facial signals of aggression, relative to sad and neutral expressions. In contrast, increased behavioral inhibition was associated with increased activation in the dorsal anterior cingulate, a region involved in the perception of fear and threat. Our results provide the first demonstration that appetitive motivation constitutes a significant factor governing the function of neural regions implicated in aggression, and have implications for understanding clinical disorders of aggression.
Introduction
Aggression is a complex emotional behavior determined by both biological and environmental influences (Caspi et al., 2002; Nelson and Trainor, 2007) . Elucidating the contribution of fundamental emotional systems to its expression and neural correlates is central to our understanding of aggressive disorders. Here we focus on a specific neurobiological emotional system, the "behavioral approach system" (BAS) (Gray, 1990) . BAS has been primarily associated with sensitivity to reward, including goaldirected drive to pursue reward (appetitive motivation). However, individuals scoring high on this trait also show an increased tendency to display hostile and aggressive behavior (Wingrove and Bond, 1998) and heightened experience of anger (Carver, 2004) . Facial signals of aggression are more likely to be interpreted as provocative by anger-prone individuals (van Honk et al., 2001; Putman et al., 2004) . Hence, it is of interest that increased BAS is also associated with heightened attention to facial signals of aggression (Putman et al., 2004) . The link between aggression and processing aggressive facial displays is further underlined by work demonstrating abnormal recognition and neural response to angry faces in patients with aggressive disorders (Blair and Cippolotti, 2000; Best et al., 2002; Coccaro et al., 2007) . How normal trait variation in BAS affects the neural correlates of aggression or aggression-related cues is currently unknown, however.
Neural models of aggression emphasize the role of structures implicated in emotion regulation, in particular the amygdala and ventromedial prefrontal cortex (vmPFC), with the former implicated in the generation of negative affect and the latter in its regulation (Davidson et al., 2000; Blair, 2003) . The involvement of these structures has been identified by both human and comparative research (Davidson et al., 2000; Dielenberg and McGregor, 2001; Blair, 2003; Soloff et al., 2003; Izquierdo and Murray, 2004; Coccaro et al., 2007) , with heightened aggression associated with decreased vmPFC activation (thought to reflect decreased control) and increased amygdala activation (reflecting increased negative affect) (Davidson et al., 2000; Dougherty et al., 2004) .
Comparative research has also implicated the ventral striatum and its associated dopaminergic system in aggressive encounters with conspecifics (Louilot et al., 1986; Redolat et al., 1991; Vukhac et al., 2001; Ferrari et al., 2003) . Similarly, human research has shown increased striatal dopamine transporter density in violent offenders (Tiihonen et al., 1995) and disrupted recognition of facial signals of aggression after damage to the ventral striatum (Calder et al., 2004) . Hence, the amygdala, vmPFC, and ventral striatum were identified as regions of interest (ROIs) in our study. Using functional magnetic resonance imaging, we investigated whether the neural response of these ROIs to viewing facial signals of aggression was modulated by variation in the BAS trait in healthy participants.
The BAS is frequently contrasted with the "behavioral inhibi-tion system" (BIS), which is related to the expression of anxiety and the inhibition of ongoing behavior in response to threat (Gray, 1987a) . Because facial signals of aggression are more likely to be interpreted as potentially dangerous by highly anxious individuals (Dimberg and Ohman, 1996) , we also investigated neural modulation related to BIS.
Materials and Methods
Participants. Twenty-two right-handed healthy volunteers with normal vision and no past neurological or psychiatric history participated in the study for payment (13 females; mean age ϭ 26.2 years; SD ϭ 7.6 years). The National Health Service Local Research Ethics Committee for Cambridge approved the study, and all participants provided written informed consent before taking part. Participants completed the Behavioral Inhibition/Behavioral Activation Scales (BIS/BAS) (Carver and White, 1994) after scanning. This questionnaire consists of three scales that measure traits related to behavioral approach (BAS) and one scale related to responsiveness to punishment cues (BIS). The first behavioral approach scale, BAS drive, assesses an individual's drive to engage in approach behavior in the context of potential goal or reward (i.e., appetitive motivation); questionnaire items include "When I see something I want I go all out to get it." A second BAS scale, reward responsiveness, assesses positive affect/excitability (e.g., "When good things happen to me, it affects me strongly"), and a third, fun-seeking scale, assesses the inclination to seek out new rewarding situations (e.g., "I'm always willing to try something new if I think it will be fun"). Although some research has used a BAS "total" score, structural equation modeling has shown that the three BAS measures do not form a unitary global measure and should be treated as separate scales . All three BAS subscales have good internal and test-retest reliability (Carver and White, 1994) . We also examined the influence of the anxiety-linked trait, BIS sensitivity.
Design and procedure. Stimuli were presented in alternating 17.6 s blocks. Each block contained four stimuli from the same category (angry, sad, or neutral facial expressions or central fixation cross), with a total of eight blocks for each category presented in one of two pseudorandom orders. Each image was displayed for 4000 ms followed by a 400 ms interstimulus interval. Stimuli were viewed via an angled mirror above the participants' eyes, which reflected images back-projected from a translucent screen positioned in the bore of the magnet to the rear of the participants' head. For the pictures of faces, participants performed a gender discrimination task by pressing one of two keys. The facial expressions were color photographs selected from the NimStim Face Stimulus Set (Tottenham et al., 2002) (www.macbrain.org). There were 16 exemplars (half female) for each face type.
Imaging and statistical analysis. Magnetic resonance imaging scanning was performed on a 3 T Bruker Medspec scanner (Bruker, Ettlingen, Germany) with a head-coil gradient set. Whole-brain data were acquired with echo-planar T2*-weighted (EPI) imaging, sensitive to blood oxygenation level-dependent (BOLD) signal contrast (21 interleaved 4-mmthick slices; 1 mm interslice gap; repetition time ϭ 1100 ms; echo time ϭ 30 ms; 65°flip angle; 24 ϫ 24 cm field of view; 64 ϫ 64 matrix; 144 kHz voxel bandwidth). Slice acquisition was transverse oblique, angled to avoid the eyeballs. The first 15 volumes were dummy scans and were discarded to allow for equilibration effects.
Data were analyzed using SPM2 software (Wellcome Trust Centre for Neuroimaging, London, UK). EPI images were corrected for slice timing and head movement, and phase-map-derived undistortion was applied (Cusack et al., 2003) . The mean functional image was calculated for each participant and inspected for excessive signal dropout in medial temporal and ventral prefrontal cortices. EPI and structural images were coregistered, normalized to a standard template, and smoothed with an 8 mm full-width at half-maximum Gaussian kernel. Condition effects were estimated using boxcar regressors convolved with a canonical hemodynamic response function in a general linear model. Low-frequency signal drift was removed with a high-pass filter (cutoff, 128 s).
A random-effects model was implemented using a two-stage process, of within-and between-subjects modeling in turn. This random-effects analysis assessed effects on the basis of intersubject variance and thus allowed inferences about the population that the participants were drawn from. For each participant, we used a general linear model to assess regionally specific effects of task parameters on BOLD indices of activation. The model included three experimental factors (angry, sad, and neutral facial expressions) and effects of no interest (realignment parameters) to account for motion-related variance. Individual first-level contrast images were generated for the contrasts of angry versus neutral, angry versus sad, and sad versus neutral faces.
The second level models included each of the 22 contrast images from the participants' first-level analysis, subjected to a voxelwise contrast and t test using Gaussian random field theory to assess statistical significance (Friston et al., 1995) . A one-sample t test was first used to identify the brain regions activated for any specific contrast. Then, simple regression models were performed to detect regions where BOLD contrast estimates correlated with subscales of the BIS/BAS questionnaire. We defined vmPFC cortex, amygdala, and ventral striatum as ROIs, because these areas have previously been implicated in aggression. To sample activity within these regions, we used 10-mm-radius sphere centered on Ϯ18, Ϫ6, Ϫ18 for the amygdala, a 12-mm-radius sphere centered on Ϯ9, 33, Ϫ12 for the ventromedial prefrontal cortex, and a 10-mm-radius sphere centered Ϯ9, 15, Ϫ3 for the ventral striatum [coordinates from Bray and O'Doherty (2007) ]. Summary statistical maps were thresholded at p Ͻ 0.005 uncorrected, and for a priori ROIs, we used small-volume correction for multiple comparisons applied at p Ͻ 0.05, as a more stringent test of our a priori hypotheses (Worsley et al., 1996) . All regions surviving p Ͻ 0.001 uncorrected for 10 contiguous voxels are also reported in Tables 1  and 2 . Supplemental Table 1 summarizes group-level contrasts, regardless of individual difference in BAS. Localization of activations was checked with reference to the atlases of Duvernoy (1999) and Damasio (1995) . For visualizing activations, group maps are overlaid on a representative high-resolution structural T1-weighted image from the SPM2 canonical image set, coregistered to Montreal Neurological Institute (MNI) space. Activations are reported using (x, y, z) coordinates in MNI standardized space.
Results
We were primarily interested in the BAS-drive subscale measuring goal/incentive-oriented appetitive motivation, because it has been most consistently associated with aggression-related measures, including attention to facial signals of aggression (Harmon-Jones, 2003; Putman et al., 2004; Smits and Kuppens, 2005) . Analyses also examined any relationship with the other two BAS scales (reward responsive and fun seeking) and the BIS scale. The range, mean, and SD of our sample on each scale were as follows: BAS drive, 7-15; mean ϭ 10.40; SD ϭ 1.97; reward responsiveness, 15-20; mean ϭ 16.86; SD ϭ 1.64; fun seeking, 7-15; mean ϭ 12.46; SD ϭ 2.19; BIS, 16 -27; mean ϭ 21.09; SD ϭ 2.62). BAS subscale scores were not significantly correlated with BIS scores (r values Ͻ0.16; p values Ͼ0.5). These scores are similar to previously published norms (Carver and White, 1994) .
The relationship between individual differences in BAS-drive scores and change in BOLD response to angry and sad faces for the three a priori ROIs [amygdala, vmPFC cortex, and ventral striatum (see Materials and Methods)] was determined with separate simple regressions between BAS drive and each of three contrasts [angry vs neutral, angry vs sad, and sad vs neutral (Table  1) ]; additional regions surpassing p Ͻ 0.001 with 10 contiguous voxels are also reported. Significant brain regions across all participants (regardless of BAS scores) were also estimated for the same and additional contrasts (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
In line with our predictions, BAS-drive scores were positively correlated with change in BOLD signal in the left amygdala for both the angry versus neutral [MNI coordinates (x y z), Ϫ18, 0, Ϫ24; t ϭ 4.82; p Ͻ 0.005 small-volume corrected (SVC); r ϭ 0.73; p Ͻ 0.001] and angry versus sad contrasts (Ϫ18, 3, Ϫ24; t ϭ 4.41; p Ͻ 0.02 SVC; r ϭ 0.70; p Ͻ 0.001) but not for the sad versus neutral contrast. Thus, the amygdala responses to the sight of angry faces increased as a function of increased BAS drive (Fig. 1) . In contrast, a negative relationship was found between BAS-drive scores and BOLD signal in the ventral anterior cingulate cortex for both angry versus neutral (left, Ϫ15, 36, Ϫ12; t ϭ 3.99; p Ͻ 0.05 SVC; r ϭ Ϫ0.66; p Ͻ 0.001; right, 9, 39, Ϫ9; t ϭ 4.65; p Ͻ 0.02 SVC; r ϭ Ϫ0.72; p Ͻ 0.001) and angry versus sad (left, Ϫ18, 39, Ϫ12; t ϭ 3.90; p Ͻ 0.05 SVC; r ϭ Ϫ0.65; p Ͻ 0.001; right, 18, 39, Ϫ12; t ϭ 3.55; p ϭ 0.085 SVC; r ϭ Ϫ0.62; p Ͻ 0.001) (Fig. 2) contrasts, with decreased activity for these contrasts associated with increased BAS drive. A similar negative correlation with BAS drive was also found in the ventral striatum for angry versus neutral (18, 18, Ϫ6; t ϭ 4.43; p Ͻ 0.05 SVC; r ϭ Ϫ0.70; p Ͻ 0.001) and a borderline effect in a slightly anterior position, for angry versus sad contrasts (6, 24, Ϫ6; t ϭ 3.21; p ϭ 0.097 SVC; r ϭ Ϫ0.58; p Ͻ 0.001) (Fig. 3) , although the latter may form part of the more anterior ventral anterior cingulate activation. No correlations with BAS-drive scores were found for the sad versus neutral contrast in the a priori ROIs (Table 1 ). The angry versus neutral contrast also produced a negative correlation with BAS drive in the right dorsolateral prefrontal cortex (39, 9, 42; t ϭ 4.14; p Ͻ 0.0001 uncorrected; r ϭ Ϫ0.67; p Ͻ 0.001), a region also implicated in emotion regulation (Davidson et al., 2000) . Supplemental Figures 1 and 2 (available at www.jneurosci.org as supplemental material) show that the correlations in the amygdala, ventral anterior cingulate, and ventral striatum for the angry versus neutral and angry versus sad contrasts persist when the participant with the highest BAS-drive score was excluded. Hence, a single outlier did not drive these correlations.
The consistent correlations with BAS drive in the amygdala, ventral anterior cingulate cortex, and ventral striatum across both the angry versus neutral and angry versus sad contrasts, and absence for the sad versus neutral comparison, indicate that the relationship with BAS drive was restricted to the anger contrasts, rather than a generalized modulation of all emotional stimuli.
The principal aim of the present study was to examine whether individual differences in BAS drive modulate the neural response to signals of aggression in others. For completeness, however, we also explored potential relationships with BASreward responsiveness and BAS-fun seeking in the a priori ROIs. Fun seeking showed a borderline negative correlation for the angry versus sad contrast in the left and right hippocampi (left, Ϫ27, Ϫ9, Ϫ21; t ϭ 3.48; p Ͻ 0.001, uncorrected; r ϭ Ϫ0.66; p Ͻ 0.001; right, 15, Ϫ12, Ϫ15; t ϭ 3.60, Ͻ0.001, uncorrected; r ϭ Ϫ0.63; p Ͻ 0.005); no other effects approached significance. Thus, our results are consistent with behavioral studies that most consistently highlight an association between the BAS-drive scale of the BIS/BAS questionnaires and measures of aggression or attention to facial signals of aggression (Harmon-Jones, 2003; Putman et al., 2004; Smits and Kuppens, 2005) .
Finally, we examined the data with respect to participants' BIS scores. We found that BIS scores were positively correlated with BOLD signal changes in the left dorsal anterior cingulate cortex for the angry versus neutral contrast, and left dorsolateral pre- frontal cortex for angry versus sad, the reverse correlation of that observed for BAS (Table 2 ). In addition, the posterior cingulate cortex also showed a negative correlation for the angry versus sad contrast.
Discussion
Our study demonstrates for the first time that the response of brain regions implicated in aggression is modulated as a function of appetitive motivation (BAS drive) when participants view facial signals of aggression relative to both sad and neutral faces. With increasing BAS drive, amygdala activity increased, whereas activity in the ventral anterior cingulate and ventral striatum decreased. In contrast, individual variation in BIS, which underlies anxiety, produced a positive correlation in the dorsal anterior cingulate, a region implicated in fear conditioning (Phelps et al., 2004) , anticipation of aversive events (Nitschke et al., 2006) , and "urgent" response inhibition (Garavan et al., 2002) . These different effects of BIS and BAS accord with the proposal that a threatening stimulus can be interpreted as provocative (inducing aggression) or dangerous (inducing anxiety), depending on an individual's temperament or environmental context (Beck, 1976; Dimberg and Ohman, 1996; van Honk et al., 2001 ).
BAS, aggression and reward
BAS has been implicated in both reward-based and aggressive behavior (Carver and White, 1994; Carver, 2004) . Although not immediately apparent, a link between reward and aggression is evident at multiple levels. First, both are associated with approach behavior (Carver, 2004) . Second, an adaptive function of aggression relates to the forced acquisition and protection of valued resources, such as food, reproductive partners, territory, and social status (Blanchard and Blanchard, 2003) ; aggression is also instigated by the omission or termination of rewards (Rolls, 1990; Berkowitz and Harmon-Jones, 2004) . Third, the structures we identified (ventral striatum, amygdala, and ventral anterior cingulate) have been implicated in both aggression and reward processing (Louilot et al., 1986; Davidson et al., 2000; Berridge and Robinson, 2003) , and each presents a dense dopaminergic innervation, a neurochemical primarily associated with reward, but also aggression (Redolat et al., 1991; Tiihonen et al., 1995; Ferrari et al., 2003; Nelson and Trainor, 2007) , the recognition of facial signals of aggression (Lawrence et al., 2002) , and the behavioral approach system in general (Gray, 1987b; Reuter et al., 2006) . Note also that the aggression seen in psychopathy [a condition associated with high BAS activity (Cole and Zahn-Waxler, 1992; Gray, 1994) ] is frequently goal directed, linked to the gain of monetary and sexual rewards or social status (Cornell et al., 1996) . The reduced frontostriatal response with increasing BAS drive was associated with increased amygdala activity, a similar pattern to the experience of aggression (Dougherty et al., 2004) . Similarly, individuals with intermittent explosive disorder show an exaggerated amygdala response and reduced vmPFC response to aggressive facial expressions relative to controls (Coccaro et al., 2007) , whereas a comparable exaggerated pattern is found in participants carrying the low-expression variant of the MAO-A (monoamine oxidize A) polymorphism (Meyer-Lindenberg et al., 2006) , associated with increased risk for violent behavior (Caspi et al., 2002) . However, whereas these previous effects were observed relative to low-level baselines, our use of neutral/sad baselines shows that our current effects do not reflect a more general response to faces or facial expressions.
Although previous research shows that damage to the amygdala, ventral striatum, and ventral prefrontal cortex can impair recognition of facial expressions of anger (Calder et al., 1996; Blair and Cippolotti, 2000; Sato et al., 2002; Calder et al., 2004) , we are not claiming that these areas are specific to aggression or signals of anger. The amygdala and vmPFC/anterior cingulate in particular have an established role in emotion regulation (Davidson et al., 2000) . For example, an inverse relationship between these regions is found during the suppression/regulation of negative affect in response to emotional scenes (Urry et al., 2006 ) (see also van Reekum et al., 2007) . The amygdala and ventromedial prefrontal cortex also respond to ambiguous facial expressions, with decreased vmPFC and increased amygdala activation associated with a negative interpretation, and the opposite with a positive interpretation (Kim et al., 2003) ; again, Kim et al., (2003) attribute this to differences in the modulatory influence of the vmPFC on the amygdala. An inverse relationship is also observed during fear conditioning (Milad et al., 2007) . Hence, we propose that the effects we have observed reflect the interactive effects of BAS and aggressive facial signals (Harmon-Jones, 2003; Putman et al., 2004) on this emotion regulation system, and not a neural system that is specific to aggression per se.
Comparative research has highlighted the ventral striatum's role in aggression (Louilot et al., 1986; Redolat et al., 1991; Ferrari et al., 2003) . Hence, it is of interest that this region showed the same negative relationship with BAS drive found in the ventral anterior cingulate. Both regions are interconnected (Ferry et al., 2000) and are involved in the control and suppression of emotional behavior. Damage to the vmPFC and ventral striatum in humans and animals increases impulsive and aggressive behavior (Grafman et al., 1996; Anderson et al., 1999; Cardinal et al., 2001; Izquierdo and Murray, 2004) . In addition, neuroimaging research has shown abnormal frontostriatal activation in aggressive individuals with borderline personality disorder, reflecting reduced serotonergic function (Leyton et al., 2001 ), a neurotransmitter implicated in aggression (Nelson and Trainor, 2007) . Thus, the blunted frontal-striatal activation with increasing BAS drive might represent a reduced ability to suppress impulsive negative reactions to signals of conspecific challenge.
It is of interest that the blocking of goal-directed behavior by external agents is a major instigator of aggression (Berkowitz and Harmon-Jones, 2004 ). In our own study, "goal-directed" behavior could be conceived as each individual's trait tendency to engage in this behavior (i.e., BAS drive), and the aggressive faces as blocks/obstructions. In other words, the more goal-oriented/motivated an individual is, the more likely is conspecific challenge (or any block/obstruction) to make them angry, and therefore engage the neural correlates of aggression.
BIS and dorsal anterior cingulate
In contrast to the blunted ventral anterior cingulate response to angry expressions found in high-BAS individuals, increasing BIS produced the opposite positive correlation in the dorsal anterior cingulate. In Gray's original hypothesis (Gray, 1982) , the behavioral inhibition system is engaged by novel and threatening stimuli, causing inhibition of ongoing behavior and anxiety. Initially, the septohippocampal system was considered the main neural substrate of BIS (Gray, 1982) , but a more recent formulation (McNaughton and Corr, 2004) has highlighted the contribution of the mPFC/anterior cingulate. Comparative research has identified a distinction between the ventral mPFC, associated with an inhibitory role in fear expression, and a more dorsal mPFC region associated with an excitatory role (Quirk and Beer, 2006) . Similarly, human research has emphasized the role of the vmPFC regions in regulation/suppression of emotion (Davidson et al., 2000; Dougherty et al., 2004; Coccaro et al., 2007) , and dorsal mPFC/anterior cingulate in fear conditioning (Buchel et al., 1998; Phelps et al., 2004) , "urgent" response inhibition (Garavan et al., 2002) , and anticipation of aversive events (a central component of anxiety) (Nitschke et al., 2006) . Thus, the dorsal anterior cingulate correlation with BIS may reflect an increased susceptibility to an anxiety or fear response to threatening stimuli (i.e., angry faces). The correlation with BIS was evident for the angry versus neutral contrast but not angry versus sad. Hence, although the modulation of the amygdala and ventral anterior cingulate response by BAS was evident relative to both neutral and sad baselines, the effect for BIS was less specific, but notably did not generalize to sad versus neutral faces.
Two further points should be emphasized. First, the effects we have reported are in healthy volunteers with no known psychiatric history. Hence, they reflect the divergent modulatory influences of distinct emotional traits, linked to increased risk for aggressive (BAS) or anxious (BIS) behavior, on healthy brain systems. Second, inspection of supplemental Table 1 (available at www.jneurosci.org as supplemental material), summarizing group-based analyses regardless of individual differences, shows that the full extent of the inverse relationship between frontostriatal and amygdala regions to aggressive faces is only clearly evident when taking individual differences in BAS drive into account. This accords with previous research showing only variable evidence of an amygdala response to angry expressions in groupbased analyses (Whalen et al., 2001; Murphy et al., 2003; Strauss et al., 2005) . Similarly, the dorsal anterior cingulate was only found when individual variation in BIS was incorporated into the analysis. In other words, the neural circuitry underlying the pro- cessing of angry expressions is only fully realized by taking variation in relevant emotional dimensions into consideration. This accords with other recent research emphasizing the importance of individual differences to neural responses to food stimuli (Beaver et al., 2006; Calder et al., 2007) or happy and fearful facial expressions (Canli et al., 2002; Bishop et al., 2004) .
We have shown that the interaction between BAS drive and the perception of facial signals of aggression operates directly on regions implicated in aggressive disorders, demonstrating the potential importance of trait variation in BAS to understanding the psychological and neural bases of these conditions. In contrast, but in accord with its posited neural substrates, variation in BIS identified a region implicated in anxiety and fear. Although research to date has focused on the relationship between BAS and reward-based processing, understanding its relationship to aggression provides a wider understanding of this personality trait's role in emotion and emotional systems underlying individual differences in aggression.
